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Abstract:

Low-flow characteristics can be estimated by multiple linear regressions or the index-streamgage approach. The latter transfers
streamflow information from a hydrologically similar, continuously gaged basin (‘index streamgage’) to one with a very
limited streamflow record, but often results in biased estimates. The application of the index-streamgage approach can be
generalized into three steps: (1) selection of streamflow information of interest, (2) definition of hydrologic similarity and
selection of index streamgage, and (3) application of an information-transfer approach. Here, we explore the effects of (1) the
range of streamflow values, (2) the areal density of streamgages, and (3) index-streamgage selection criteria on the bias of three
information-transfer approaches on estimates of the 7-day, 10-year minimum streamflow (Q5 o). The three information-transfer
approaches considered are maintenance of variance extension, base-flow correlation, and ratio of measured to concurrent gaged
streamflow (Q-ratio invariance). Our results for 1120 streamgages throughout the United States suggest that only a small portion
of the total bias in estimated streamflow values is explained by the areal density of the streamgages and the hydrologic similarity
between the two basins. However, restricting the range of streamflow values used in the index-streamgage approach reduces
the bias of estimated Q79 values substantially. Importantly, estimated Q7o values are heavily biased when the observed
Q7,10 values are near zero. Results of the analysis also showed that Q7 ;o estimates from two of the three index-streamgage
approaches have lower root-mean-square error values than estimates derived from multiple regressions for the large regions

considered in this study. Published in 2011 by John Wiley & Sons, Ltd.
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INTRODUCTION

Low-flow characteristics, such as the 7-day, 10-year
low flow Q710 (Riggs, 1980), are often used by state
and local water managers as indirect regulatory controls
on surface—water quality in the United States. These
characteristics are often required for ungaged basins and
for partial-record streamflow sites (henceforth referred to
as partial-record streamgages). The streamflow record at
a partial-record streamgage can be defined as a collection
of sporadic discharge measurements (often <20).
Multiple linear regressions are often used to estimate
low-flow characteristics for ungaged basins or partial-
record streamgages (Thomas and Benson, 1970; Eng and
Milly, 2007). Regressions form a relationship among the
low-flow characteristics of interest and basin attributes,
such as drainage area, A4. An alternative to regres-
sions is the index-streamgage approach, which gener-
ally consist of three steps: (1) selection of streamflow
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information [e.g. range of discharges and (or) time period
of interest], (2) definition of hydrologic similarity and
selection of index streamgage, and (3) application of
an information-transfer approach, such as maintenance
of variance extension (MOVE) (Hirsch, 1982), base-
flow correlation (BFC) (Stedinger and Thomas, 1985),
and Q-ratio invariance (QRI) (Potter, 2001). The three
information-transfer approaches are based on establish-
ing an invariant relationship over the range of all selected
streamflow values between a partial-record and an index
streamgage. These index-streamgage approaches have
been used in many studies (Dingman and Putscher, 1991;
Ries and Friesz, 2000; Reilly and Kroll, 2003; Laaha and
Bloschl, 2005; Funkhouser et al., 2008) and their results
can be compared to those estimated by multiple linear
regressions (Laaha and Bloschl, 2005).

A few studies have found that estimates of low-flow
characteristics from index-streamgage approaches are
either systematically over- or underestimated (i.e. biased)
(Stedinger and Thomas, 1985; Dingman and Putscher,
1991). A potential source of the bias may be associated
with the first step in the application of index-streamgage
approaches, which is selection of the seasonality or range
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of variation of streamflow values. Another two sources
could be linked to the second step: the criteria used
to select an index streamgage and the availability of
index streamgages as measured by the areal density of
surrounding streamgages. An inherent bias associated
with the information-transfer approaches could be another
source of bias. These potential sources are not mutually
exclusive from one another.

A topic that has received little attention in the lit-
erature is the impact of the range of streamflow val-
ues on the bias of estimated low-flow characteristics by
the index-streamgage approach. The user assumes that
a linear or log—linear relationship among the concurrent
streamflows is valid over the entire range of these val-
ues when applying the information-transfer approaches,
such as MOVE, BFC, and QRI. This assumption may
be justified when an index streamgage is located within
several kilometres upstream or downstream of a partial-
record streamgage of interest, and if there are no sub-
stantial differences in physiographic and anthropogenic
activities that occur between them. This assumption, how-
ever, is often violated when the partial-record streamgage
and index streamgage are located on different streams
because of differences in streamflow generation pro-
cesses between both basins. A suggested practice is to
include a few ‘high base-flow values’ in the range of
considered streamflow values to improve the slope of the
relationship among concurrent streamflow values (United
States Geological Survey, 1979). Increasing the range of
streamflow values will increase the likelihood of violat-
ing the assumption of an invariant relationship across this
range. A few previous studies (Dingman and Putscher,
1991; Reilly and Kroll, 2003) limit their analysis to
a seasonally defined ‘low-flow’ period. This limitation
does not directly control the range of streamflow val-
ues and as a consequence the relationship among con-
current streamflows may change substantially over this
range.

Dingman and Putscher (1991) found that the bias was
not dependent on the degree of basin-attribute similarity.
The areal density of the streamgage network, however, is
another issue that has received little attention (Dingman
and Putscher, 1991). This areal density could be a source
of bias in the index-streamgage approaches, as the choice
of index streamgages will be more limited in streamgage
networks with lower densities than it would be for
streamgage networks with higher densities.

Our objectives are to explore the effects on bias of
(1) the range of streamflow values used in the analy-
sis, (2) the areal density of a streamgage network, and
(3) two index streamgage selection criteria: maximum
Pearson correlation coefficient and hydrologic similarity
measured by basin attributes. As a baseline for compar-
ison, multiple linear regression results are compared to
those of the index-streamgage approach. This exploration
is based on synthetic partial-record streamgages gener-
ated by random sampling of data from 1120 streamgages
across the conterminous United States.
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STUDY AREA

A preliminary set of 1494 streamgages spread across the
conterminous United States was used in this study. A
somewhat smaller subset of these streamgages was ulti-
mately used, as discussed in the following section. These
streamgages are minimally impacted by anthropogenic
influences as defined by a quantitative metric and best
professional judgment described by Falcone et al. (2010)
and have at least 20 years of streamflow record. The size
of basins ranged from 1-6 to 25791 km?, with a median
of 241-8 km?.

We split the streamgages into three groups defined
by their geographic location for analysis: east, central,
and west. The Mississippi River provided the boundary
between the east and the central regions. The bound-
ary between the central and west regions is subjec-
tively defined along the eastern state borders of Mon-
tana, Wyoming, Colorado, and New Mexico, as shown
in Figure 1, based on the low streamgage density along
these borders. The resulting number of streamgages in
the east, central, and west regions is 624, 307, and 563,
respectively.

DATA AND SYNTHETIC PARTIAL-RECORD
MEASUREMENT GENERATION

A subset of the 228 basin attributes defined by Falcone
et al. (2010) is used in this study, which mostly pertain to
climate, hydrology, hydrologic modifications and dams,
land cover, soils, and topography. We exclude basin
attributes that are qualitative, point estimates, water-
quality descriptors, or ecological descriptors. We use
the remaining basin attributes as criteria for hydrologic
similarity for index-streamgage approaches (see Section
on Selection of Index Streamgages) and as predictor
variables in multiple linear regressions (see Section on
Multiple Linear Regression).

For each streamgage, the observed Q7 jo value is calcu-
lated by fitting a log-Pearson type III distribution to the
annual time series of minimum 7-day average stream-
flows (Tasker, 1987). The annual time series is based
on the climatic year (1 April to 31 March). For annual
time series that have one or more values equal to zero, we
apply a conditional probability adjustment. If an observed
Q7.10 value is equal to zero, the corresponding stream-
gage is excluded from this study, because the MOVE and
BFC approaches require a log (base 10) transformation of
the low-flow characteristics. The number of streamgages
with observed Q7 10 values equal to zero are 83, 175, and
116 for the east, central, and west regions, respectively.
The final numbers of streamgages used in this study are
541, 132, and 447 for the east, central, and west regions,
respectively, and their locations are shown in Figure 1.

The 50, 75, 80, 90, and 100% exceedance-probability
streamflows (streamflow values that are equalled or
exceeded, say 90% of the time) are calculated using
the entire daily-streamflow record for each streamgage
(Searcy, 1959). The daily-streamflow values are ranked
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Figure 1. Circles represent the 1120 continuous streamgages used in this study. Black is for the streamgages in the east region, blue for the central
region, and red for the west region of the United States

from largest to smallest and a probability is calculated
for each value based on the California-plotting position
(Loaiciga, 1989). The probabilities are insensitive to the
choice of plotting position due to the large number of
daily-streamflow values in each record, so we do not
consider other plotting positions. If needed, interpolation
between two probabilities and their associated stream-
flow values is used to obtain streamflow for a speci-
fied exceedance-probability value. We use the stream-
flow associated with the 50, 75, 80, 90, and 100%
exceedance probabilities in the generation of synthetic
partial-record measurements that are described below
(henceforth these streamflow values are referred to as
percent—exceedance—probability streamflows).

Each streamgage is treated, in turn, as a partial-record
streamgage. Generation of synthetic partial-record mea-
surements is simulated by random sampling as described
by Eng and Milly (2007) and summarized here. First,
all recession segments (sequences of decreasing daily-
streamflow values) of 8 days or longer are identified from
the daily-streamflow record for all climatic years. From a
randomly chosen (with replacement) recession segment,
we truncate the first 5 days and then randomly choose one
of the remaining days as a synthetic partial-record mea-
surement. We use only recessions of 8 days or longer,
because we are trying to estimate a low-flow character-
istic. In this study, we use an additional step that selects
a measurement that is bounded by a specified range of
streamflows defined by the exceedance-probability val-
ues. To explore the sensitivity of the range of streamflow
values on the performance, we test four different ranges:
50-100, 75-100, 80—-100, and 90-100% exceedance
probability. The United States Geological Survey (1979),
Dingman and Putscher (1991), and Zhang and Kroll
(2007) suggest different minimum numbers of partial-
record measurements that range from 6 to 12, so we use
a value equal to 10 in this study. These measurements
are collected over a span of a few years. We perform
the sampling described above 500 times for each range
of streamflow considered at each streamgage to obtain
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robust error statistics. Each set of ten synthetic measure-
ments is henceforth termed a partial record.

We estimate base-flow recession time constant, t, val-
ues at partial-record streamgages following the methods
from Eng and Milly (2007), which are summarized here.
To estimate 7, a second (different) streamflow value is
randomly sampled from each recession segment. For
every pair of streamflow values, an estimate of t is cal-
culated by

JAt

T=———
InQ; —InQj,

where Q; is the streamflow on day j, J the lag measured
in days between the two Q values, and Ar the length
of 1 day. Thus, 500 estimates of 7 are calculated and
for each streamgage, we compute a ‘large-N’ estimate of
T as the average of 500 such estimates. This process is
done for the four different ranges of streamflow values
considered in this study, which results in four large-N
estimates of t at each streamgage. The large-N estimates
are used to calculate the parameters of multiple linear
regressions when t is included as a potential predictor
(Eng and Milly, 2007).

We use the median geographic distance of the ten clos-
est streamgages to a synthetic partial-record streamgage,
G, as a measure of the areal density of streamgages. Small
values of this metric are associated with more candi-
date index streamgages located geographically close to
the partial-record streamgage. The value of ten is chosen
subjectively. This chosen value has small impact on our
analysis, as our interest is to analyse the relative impact
of variations in the density of streamgage networks on the
bias of estimated Q7 19 values for partial-record stream-

gages.

D

SELECTION OF INDEX STREAMGAGES

An index streamgage is chosen from a subset of stream-
gages in the same region (east, central, or west) as
the partial-record streamgage. A common 10-year over-
lap period in all streamflow records is required for
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all streamgages in the subset and the partial-record
streamgage. This 10-year overlap helps to ensure that
there is sufficient data to create random samples for
the synthetically generated partial records. In addition, a
10-year overlap may help to ensure that the statistics cal-
culated at each gage are sufficiently influenced by similar
events (Kennard et al., 2010).

The index streamgage is selected by two measures of
similarity between the partial-record and index stream-
gages: (1) maximization of the Pearson correlation coef-
ficient, p, of the ten concurrent log(Q) values between the
streamgages and (2) minimization of differences in basin
attributes. The difference in basin attributes is defined
as the weighted distance between streamgages in a
Euclidean space whose dimensions are normalized basin
attributes (Laaha and Bloschl, 2005). The basin attributes
used for each region were selected as part of the develop-
ment of the multiple linear regression equations for each
region (see Section on Multiple Linear Regression).

The distance with respect to weighted basin attributes
between streamgages i and j is

n 1/2
log wi; — log wy;
Rij = lE Cy (M)] )
k=1

Olog wy

where oy is the kth selected basin attribute, 0jg., the
global (i.e. whole region) standard deviation of the kth
basin attribute, and C; the weight for the kth basin
attribute and all weights sum to a value of one. The Cy
weight is the fraction of the total 7 value for the kth basin
attribute. The total ¢ values are equal to the sum of all
t values associated with all statistically significant basin
attributes in a multiple linear regression for each region
excluding the constant. These predictors are also used
in Equation (2) for each region. An additional constraint
applied both to p and basin attributes criteria is that the
index streamgage be no farther than 200 km from the
partial-record streamgage; however, if all streamgages are
farther than 200 km from the partial-record streamgage,
then we select the closest streamgage to be the index
streamgage, regardless of the R;; values. We use a
geographic distance of 200 km as suggested by Reilly
and Kroll (2003).

MULTIPLE LINEAR REGRESSION

For each region, we assume a model of the form

n
log Q710 = Bo + ) _ rlogay + 6
k=1

3)

where wj; represents the significant predictors, S the
regression parameters, and § the model error. Four regres-
sion models were formed in each region, because t values
are estimated from four different ranges of streamflow
values. Each regression considered an initial pool of pre-
dictors consisting of the 228 basin attributes by Falcone
et al. (2010) and one of the four large-N t values. We

Published in 2011 by John Wiley & Sons, Ltd.

K. ENG ET AL.

perform a step-wise multiple linear regression fit sepa-
rately for each region using these initial pools of potential
predictors. Only predictors with ¢ values >2 or <—2
are accepted. For each region, we then remove (1) the
predictors whose significance would vanish if another sig-
nificant predictor was removed and (2) predictors that are
strongly correlated with other predictors. These removals
were to reduce the problem of multicollinearity (Mont-
gomery et al., 2001) in the regressions that exist among
highly correlated predictors. The final predictors used in
each region are listed in Figure 2.

ESTIMATION OF LOW-FLOW CHARACTERISTICS
AT PARTIAL-RECORD STREAMGAGES

Multiple linear regressions

We apply the multiple linear regression to each syn-
thetic partial-record streamgage 500 times for every range
of streamflow values considered. For each application, the
value of 7 is estimated as the arithmetic average of the
ten estimates of t associated with the ten measurement
pairs within the specified range of streamflow values in
the partial record.

ORI approach

QRI for estimation of base flow (Potter, 2001) can be
extended to estimate (7 1o at partial-record streamgages
by

07,10 = W07,100) )

where Q7 10 1s the estimate at the index streamgage and

W is given by
L

1 0;
W=_— =]
LZQ;U)

j=1

)

where L is the number of streamflow values at the partial-
record streamgage (=ten chosen in this study), Q; the jth
streamflow at the partial-record streamgage, and Q () the
jth concurrent streamflow at the index streamgage.

MOVE approach

MOVE (Hirsch, 1982) fits a line of organic correla-
tion to concurrent partial-record streamgage and index-
streamgage log(Q) values. The line of organic correlation
minimizes the sum of areas of right triangles that are
formed when a vertical and a horizontal line are extended
from each measurement to the fitted line in a log—log
scatter plot. The MOVE estimate of Q7 19 obeys

. S .
log Q7,10 =log O + S—Q(log Q7.100) —logQr)  (6)

O

where log Q is the arithmetic mean of the log(Q) values
at the partial-record streamgage, log Q; the correspond-
ing quantity for concurrent streamflow values at the index
streamgage, So the standard deviation of the log(Q) val-
ues at the partial-record streamgage, and Sg, the corre-
sponding quantity at the index streamgage. This approach

Hydrol. Process. 25, 2211-2220 (2011)
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Figure 2. Plot of the RMSE and BIAS values for index-streamgage approaches using MOVE, BFC, and QRI for the east, central, and west regions.

The full height of the bars represents the total RMSE errors; the BIAS values are represented as a fraction of the total RMSE values. The different

coloured lower portions of the bars indicate the two index-streamgage selection criteria used: maximum Pearson correlation coefficient, p, and

basin attributes, BA. The horizontal lines are used to represent the RMSE of multiple linear regressions using A4, drainage area; P, mean annual

precipitation; S, mean snow percentage of total precipitation; and t, the base-flow recession time constant as predictor variables. The values in
parentheses represent the range of streamflow values used to calculate t

is applicable when there are ten or more concurrent obser-
vations (United States Geological Survey, 1985).

BFC approach

The BFC approach (Stedinger and Thomas, 1985)
estimates low-flow characteristics by

@)

where w, is the estimated mean of annual time series
of minimum 7-day average streamflow at the partial-
record streamgage, o, the estimated standard deviation
of the annual time series of minimum 7-day average
streamflow at the partial-record streamgage, and K, the
log-Pearson type III standard deviate for a recurrence
interval of 10 years at the partial-record streamgage,

log Q7,10 = pp + K o)
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which is assumed to equal the K value from the chosen
index streamgage. The K value is also a function of the
skew of the annual time series. The ., and o, are

®)

mp = B1+ Bamy

172
2
ST

2.2 2
si+s |1l — ———
Pasi 5 (L—1)s

€))

where m; is the mean of the annual time series of
minimum 7-day average streamflow values at the index
streamgage, s;° the variance of the annual time series at
the index streamgage, s.> the variance of the concurrent
streamflow values at the index streamgage, 8, and B,
the constant and coefficient of an ordinary least-squares
regression among concurrent streamflow values at the

Hydrol. Process. 25, 2211-2220 (2011)
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partial-record and index streamgages, and s.> the squared
standard error from the ordinary least-squares regression.
This approach is dependent on the number of available
base-flow measurements at the partial-record streamgage.

Performance metrics

The performance metrics, we use in this study, are
based on the residual error for the ith partial-record
streamgage for the jth data set that is given by

iy =1og (0r10)  —log (Qr.10), (10)

ij
where log (ng) values are the estimated log(Q7 10)
values from either the multiple linear regressions or the
index-streamgage approach.

The root-mean-square error (RMSE) value is used to
evaluate the performance of multiple linear regressions
and index-streamgage approach. The RMSE values are
calculated by

1/2
n k /

1
RMSE = [ — 2 11
ok 4 €jj (1)

i=1 j=I

where n is equal to the number of streamgages in a region
and k is equal to the number of data sets (= 500).

The BIAS values are used to evaluate the tendency of
the index-streamgage approach to either systematically
over- or underestimate the observed log(Q719) values.
The BIAS is calculated by

1 n k
BIAS = %Zzeﬁ

i=1 j=1

12)

Positive values of the BIAS indicate a systematic overes-
timation of the observed log(Q719) values and negative
values indicate an underestimation.

The percentages of ‘failed’ applications of the index-
streamgage approach are also calculated. The criteria we
use to define a failed application are either (1) if an ¢;;
value exceeds 10 or is <—10 or (2) if all the streamflow
values at either the partial-record and/or index streamgage
are equal. From the remaining applications that did not
fail, we calculate another percentage of applications of
the index-streamgage approach that resulted in an e;;
value that equalled or exceeded the RMSE value for the
multiple linear regression in each region.

RESULTS

The average RMSE and BIAS for the various exper-
imental runs are shown in Figure 2. The MOVE and
BFC approaches, with the exception of one case in the
west, consistently overestimate log(Q7,19) values; in con-
trast, the QRI approach consistently underestimates the
log(Q7.10)- In general, the application of MOVE and
BEFC to a restricted range of streamflow values substan-
tially reduces BIAS in all regions. Reductions in RMSE

Published in 2011 by John Wiley & Sons, Ltd.
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accompany these decreases in BIAS, with the largest
reductions in the east and central regions. An additional
benefit to decreasing the range of streamflow values when
using MOVE or BFC is that the likelihood of calculating
an extreme outlier from the index-streamgage approach is
substantially reduced roughly by half in the east and cen-
tral regions; however, there are only modest reductions
in the west region. In contrast, the BIAS increases for the
QRI approach when the range of streamflow values used
is reduced.

The BIAS when using MOVE is not significantly
affected by whether index streamgages are selected
based on the maximum Pearson correlation coefficient
or similarity of basin attributes (Equation (2)). The BFC
approach, however, shows somewhat lower BIAS when
using the maximum Pearson correlation coefficient than
with basin-attribute similarity. The QRI approach shows
lower BIAS values when using basin-attribute similarity.

The 500 e; values from the applications of the index-
streamgage approach using MOVE, BFC, and QRI are
averaged at each partial-record streamgage for each
index-streamgage selection method. These average resid-
ual errors are plotted against G, our metric for the areal
density of streamgages at each location, and shown in
Figure 3. Results from all the three regions are com-
bined. For MOVE and BFC, the magnitude and sign of
e; show no significant dependence on the value of G. The
median e; values are invariant to G values, but the inter-
quartile range (IQR = 75th—25th quartile) increases as
the network becomes less dense. These two approaches
are equally likely to produce an extreme residual in dense
and sparse portions of the streamgage network. For the
QRI approach, the extreme outlying residuals tend to
become more negative (underestimation) for sparser net-
works than for denser networks. Using either the max-
imum Pearson correlation coefficient or Equation (2) to
select an index streamgage has little impact on the results
shown in Figure 3 except for the QRI approach.

The regional arithmetic mean and standard deviation
of the Pearson correlation coefficient values among the
concurrent streamflow values are reported in Table I. The
largest regional Pearson correlation coefficient values are
associated with the largest range in streamflow values
and vice versa for small Pearson correlation coefficient
values. The spread in the Pearson correlation coefficient
values increases considerably as the streamflow range
becomes more restricted. The 500 Pearson correlation
coefficient values for each partial-record streamgage are
averaged and compared to the residuals for applications
of the index-streamgage approach using MOVE, BFC,
and QRI. As an example, Figure 4 shows the residuals
plotted against the average Pearson correlation coefficient
values for MOVE in the east region. The box plots
suggest that there is little dependence of the magnitude
and sign (i.e. BIAS) of the residual on the value of the
Pearson correlation coefficient values. The residuals from
the MOVE, BFC, and QRI in both the east and west
regions follow this behaviour. The central region had
an insufficient amount of streamgages to perform this

Hydrol. Process. 25, 2211-2220 (2011)
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Figure 3. Residual, e;, as a function of the density of the streamgage network, G, for all regions. The different panels reflect the different combination
of criteria to select an index streamgage and the information-transfer approaches used in the index-streamgage approach. The number of streamgages
in the 0-54, 55-74, 75-99, 100-149, and > 149 km bins are 230, 228, 203, 236, and 148, respectively

Table 1. Values of the mean Pearson correlation coefficient, p, standard deviation of p, failure rate, and percentage of index-streamgage
residuals larger than those from a multiple linear regression (MLR), for all regions using different index-streamgage selection criteria
of the maximum Pearson correlation coefficient and basin attributes, BA

Index- Range of Mean Pearson correlation  Standard deviation  Failure rate (%) Percentage of index-streamgage
streamgage streamflows coefficient, p of p residuals > MLR residuals
criteria (exceedance
probabilities) MOVE BFC QRI
East region
Maximum p 50-100 0-86 0-15 5-18 1144 11-88 25.32
90-100 0-77 0-23 6-15 6-55 6-84 20-39
BA 50-100 0-63 0-28 5-18 1420  16-88 2125
90-100 0-36 0-44 6-04 7-52 9-28 16-14
Central region
Maximum p 50-100 0-75 0-20 6-06 17-19  19-07 28-57
90-100 0-64 0-30 9-04 10-19 9-98 29-58
BA 50-100 0-52 0-33 6-06 16-:80  23.22 19-92
90-100 0-29 0-47 9-46 10-54  10-14 24.07
West region
Maximum p 50-100 0-75 0-20 6-06 7-02 7-07 19-85
80-100 0-65 0-27 7-47 5-37 5-18 16-95
BA 50-100 0-52 0-33 6-06 7-54 8.78 16-98
80-100 0-29 0-47 9-03 6-02 5-74 12.52

Only the optimum range of streamflows defined by the exceedance probabilities and the 50—100% range are reported for each region.

analysis, so comparisons of this region are not made with
the other regions.

The parameter and R? values from the regional multi-
ple linear regressions are listed in Table II. For the east
and central regions, the A;, t, and the basin-averaged
mean annual precipitation are significant predictors. The
west region also includes an additional predictor that
measures the mean snow percentage of total precipitation,

Published in 2011 by John Wiley & Sons, Ltd.

S. The multiple linear regressions provide the baseline for
comparison to the residuals associated with the index-
streamgage approach using MOVE, BFC, and QRI. The
RMSE values of the regressions are shown as horizon-
tal lines in Figure 2 for only the optimal ranges in each
region. The residuals of the index-streamgage approach
are deemed a failure if the residuals calculated are larger
than or equal to the RMSE value of the corresponding
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Figure 4. Residual, e;, as a function of the Pearson correlation coefficient, p, among concurrent streamflow values for the MOVE approach in the
east region. The different panels reflect the different combination of criteria to select an index streamgage and the range of streamflow values used
in the index-streamgage approach

Table II. Values of the multiple linear regression parameters for
Equation (3)

Range of R?
streamflows Multiple linear regression parameters

(exceedance
probabilities) Bo Baa B Bp Bs

East region

50-100 =866 092 251 161 — 0-78
90-100 —643 082 193 1.04 — 0-75
Central region
50-100 —13.48 090 321 3.13 — 0-73
90-100 —-8.55 075 238 154 — 0-72
West region
50-100 -974  1.00 136 236 072 082
80-100 -846 097 1.08 198 070 0-80

The R? is equal to the coefficient of determination. The Ay is the
drainage area, T the base-flow recession time constant, P the mean annual
precipitation, and S the mean snow percentage of total precipitation. The
RMSE values of these regressions are shown in Figure 2.

multiple linear regression. Percentages of these failures
are listed in Table I. The east and central regions had
larger percentage of failures than the west region. For all
regions and both criteria for selection of an index stream-
gage, the failure rates increase as the range in streamflow
values decrease.

The streamgages used in this study are placed into six
subsets based on the magnitude of Q7 ;¢ calculated from
the full record at each station. The arithmetic averages
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of the residuals for these subsets are shown in Figure 5
for cases in the east region in which basin-attribute sim-
ilarity was used for index-streamgage selection and only
streamflow values between 90 and 100% exceedance
probability are used to define the concurrent stream-
flow relationship between the partial-record and index
streamgages. Two of the information-transfer approaches,
MOVE and BFC, show a marked tendency to overesti-
mate the log(Q7.10) at streamgages where the observed
Q7.10 value is very small, with considerably smaller bias
as observed Q7 1o values increase. Using MOVE, e.g. the
arithmetic average of BIAS values of streamgages with a
Q7.10 value >0 and <0-025 m?/s is 0-16, approximately
2-6 times the arithmetic average of BIAS values of all
streamgages in the east region. The arithmetic average of
BIAS values of streamgages with Q719 values >1 m%/s
begins to approach zero. For the QRI information-transfer
approach, a large negative bias was seen throughout the
range of observed Q7 1o values.

The BIAS at streamgages with small Q79 values
may result from the exclusion of a metric that measures
similarity of intermittency of streamflow values between
the partial-record and the index streamgage. The t
variable is a measure of the intermittency of streamflow in
a basin, but based on the results from Figure 5, this metric
may be insufficient to characterize the intermittency of
streamflow in a basin or the weighting used for it in
Equation (2) is not defined correctly. This problem is
further compounded by the omission of streamgages with
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Figure 5. The arithmetic average residual, or BIAS, of the three informa-

tion-transfer approaches (MOVE, BFC, and QRI) for subsets based on

the observed logQ7.10 values (the values in parentheses are the equivalent

values in m3/s). Results are for the east region using similarity of basin

attributes to select an index streamgage and restricting streamflows used

in the information-transfer approaches to those greater than or equal to
the 90% exceedance probability

observed Q719 values equal to zero, due to the use of
log transforms of streamflow values in the MOVE and
BFC information-transfer approaches. Selection of an
index streamgage for a partial-record streamgage with
small Q710 is limited to those streamgages with less
intermittency.

DISCUSSION

The BIAS value for the east region using MOVE and
maximum Pearson correlation coefficient to select an
index station is 0-12 using the range of streamflow values
that lie between the 50 and 100% exceedance-probability
streamflows. For the BFC approach, the BIAS is 0-13
using the range of streamflow values between the 50 and
100% exceedance-probability streamflows. These results
are similar to those reported by Dingman and Putscher
(1991) for 48 basins in New Hampshire and Vermont
when restricting concurrent streamflows to those from a
summer low-flow period. They reported a BIAS of 0-15
and 0-14 using MOVE and BFC, respectively.

A substantial amount of the over- and underestimation
of the log(Q7.10) values is due to the range of stream-
flow values used in index-streamgage approaches. Our
results also show that the density of the streamgage net-
work and index-streamgage selection criteria have small
impact on the tendency of index-streamgage approaches
to over- or underestimate log((Q7.10) values. On the basis
of these results, the index-streamgage approaches using
MOVE and BFC are suggested to be applied to three
optimal ranges of streamflow values that minimize both
BIAS and RMSE values: those associated with 90—100%
exceedance-probability flows for the east and central
regions and 80—100% exceedance-probability flows for
the west region. These suggested ranges of streamflow
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values may be different for estimated low-flow charac-
teristics other than the Q7 0.

The differences in the optimal range of streamflow val-
ues among the three regions may be associated with the
differences in the median recession lengths. The median
recession segment-length values for the east, central, and
west are 14-6, 16-0, and 18-1 days, respectively. The IQR
values for the east, central, and west are 1-2, 2-5, and
3.5 days, respectively. In general, a larger proportion of
the streamflow record for a western basin undergoes a
longer state of base-flow conditions than a basin from
the east or central regions, so that there is less variabil-
ity in flows within the 90-100% range. In a number of
cases in the west region, the range of streamflows in the
90-100% range was so severely restricted that it was not
possible to establish a meaningful relationship between
the concurrent streamflows. For the west region, restrict-
ing flows to the 90-100% range increases the RMSE
from the 80 to 100% case. As a consequence, it is sug-
gested that more of the streamflow record be used in the
index-streamgage approach for western basins in order to
achieve optimal results.

When BIAS is compared to observed Q719 values,
the results indicate that it may be highly problematic
to utilize either the MOVE or BFC information-transfer
approaches at synthetic partial-record streamgages where
the observed Q7 1o value is small. The severe BIAS seen
in these cases is likely caused by our omission of stream-
gages with observed Q7 19 values equal to zero, and the
lack of an appropriate metric for measuring similarity of
intermittency of streamflows among basins. At the time
of this study (2010), there is no consensus on how to
incorporate streamflow values and characteristics equal to
zero in the index-streamgage approach. In actual applica-
tion of an index-streamgage approach, streamgages with
numerous zeros in the daily-streamflow record are com-
monly excluded from consideration as index streamgages
because of the difficulties presented by these zeros (Ries
and Friesz, 2000; Funkhouser et al., 2008). On the basis
of the bias seen in these results, the need appears to be
acute for approaches that allow use of time series with
zeros if index-streamgage approaches are to be accurate
at partial-record streamgages that approach intermittency.
Empirical functions for each region can be developed
from relationships shown in Figure 5 to remove the bias
using the conventional index-streamgage approaches, but
these functions would depend on the assumption that
the streamgage network used in future applications will
create similar levels of bias as was seen in this study.
A more thorough treatment of intermittency could yield
non-empirical approaches to remove the bias.

As shown in this study, most of the BIAS values
for MOVE, a large portion for BFC, and a substantial
portion for QRI are explained. The QRI approach could
be consistently biasing, because it includes the origin
point in the concurrent streamflow relationship and this
constrains the lower end of the curve. A user of the BFC
approach assumes that the skew, which is affected by the
intermittency of streamflow values, of the annual time
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series at the index and the partial-record streamgages
are the same. Large differences in the intermittency
of streamflow values may lead to systematic over- or
underestimation of the Q719 values using BFC. This
behaviour is suggested in Figure 2, where the BIAS
values of the central region are seen to be larger than
those from the other two regions.

Overall, the results indicate that the MOVE and
BFC index-streamgage methods are good alternatives
to multiple linear regression for estimating Q710 at
sites with limited streamflow information. BIAS in these
results can be minimized by restricting the range of
flows used when applying the methods. However, care
should be taken for streams that approach intermittency,
as substantial BIAS may remain.
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